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Abstract 
$XVWHQLWHJUDLQVL]HLVZHOONQRZQWRKDYHDVLJQLILFDQWLQIOXHQFHRQYDULRXVSKDVH
WUDQVIRUPDWLRQVLQVWHHOV$OWKRXJKWKHHIIHFWVRIPDQ\WKHUPRPHFKDQLFDOSURFHVVLQJ
SDUDPHWHUV RQ DFLFXODU IHUULWH $) WUDQVIRUPDWLRQ LQ +6/$ VWHHOV KDYH EHHQ
LQYHVWLJDWHG OLWWOH DWWHQWLRQ KDV EHHQ SDLG WR WKH LQIOXHQFH RI DXVWHQLWH JUDLQ VL]H
7KHUHIRUH LQ WKLV UHVHDUFKGLIIHUHQWSDUDPHWHUVRI VROLGVROXWLRQKHDW WUHDWPHQWDQG
URXJKGHIRUPDWLRQZHUHDGRSWHGWRJHQHUDWHDXVWHQLWHZLWKGLIIHUHQWJUDLQVL]HVDQGWKH
HIIHFWVRIDXVWHQLWHJUDLQVL]HEHIRUHGHIRUPDWLRQRQWKH$)WUDQVIRUPDWLRQDQGJUDLQ
UHILQHPHQWZHUHLQYHVWLJDWHG,WZDVIRXQGWKDWWKHUHGXFWLRQRISULRUDXVWHQLWHJUDLQ
VL]H 3$*6 IURPȝP WRȝPEHIRUHDXVWHQLWHGHIRUPDWLRQSURPRWHV WKH$)
WUDQVIRUPDWLRQ DQG VLPXOWDQHRXVO\ UHILQHV DQG KRPRJHQLVHV WKH WUDQVIRUPHG
? 
 
PLFURVWUXFWXUHV$UHFLSURFDOO\LQFUHDVHGGHQVLW\RIGHIRUPDWLRQLQGXFHGGLVORFDWLRQV
ZLWKWKHUHGXFWLRQRI3$*6ZDVSURSRVHGWRDFFRXQWIRUWKHVHUHVXOWVZKLFKQRWRQO\
LQFUHDVHWKHQXFOHDWLRQVLWHVRI$)EXWDOVRVXSSUHVVWKHOHQJWKHQLQJRI%)ODWKV)XUWKHU
UHGXFLQJ3$*6IURPȝPWRȝPWKHIUDFWLRQRI$)LVQRW LQFUHDVHGDQGWKH
WUDQVIRUPHGPLFURVWUXFWXUHLVQRWUHILQHG3RVVLEOHGLIIHUHQFHVLQWKHW\SHGLVWULEXWLRQ
DQGGHQVLW\RIDXVWHQLWHGHIRUPDWLRQVXEVWUXFWXUHVEHWZHHQDXVWHQLWHZLWK3$*6VRI
ȝPDQGȝPZHUHDUJXHGWREHUHVSRQVLEOHIRUWKHFHDVHRIJUDLQUHILQHPHQW
7KHUHODWLRQVKLSEHWZHHQHIIHFWLYHJUDLQVL]HVDQGWKH6YSDUDPHWHUZDVLQYHVWLJDWHG
DQG DQ HTXDWLRQ UHODWLQJ HIIHFWLYH JUDLQ VL]HV ZLWK SURFHVVLQJ SDUDPHWHUV ZDV DOVR
SURSRVHG 
1. Introduction 
+LJKVWUHQJWKDQGKLJKWRXJKQHVVDUHLPSRUWDQWUHTXLUHPHQWVIRUKLJKVWUHQJWKORZ
DOOR\+6/$VWHHOV>@Following the steadily increased strength requirement for 
HSLA steels over the past 50 years, corresponding microstructures evolve from ferrite 
and pearlite to acicular ferrite (AF) and bainitic ferrite (BF) [4]. HSLA steels with an 
AF microstructure possess a better property combination (e.g., higher strength [5], 
better toughness [5], superior H2S resistance [6], and better fatigue behaviour [7]) than 
those steels exhibiting a ferrite-pearlite microstructure. Additionally, the toughness of 
an AF microstructure is considerably higher than that of a BF microstructure [8]. 
7KHWHUPDFLFXODUIHUULWH$)KDVEHHQDVVLJQHGWRWZRGLIIHUHQWPLFURVWUXFWXUHV
RYHUWKH\HDUV$)LQVWHHOZHOGV>@DQG$)LQKLJKVWUHQJWKORZDOOR\+6/$VWHHOV
? 
 
>@AF in steel welds actually is ferrite laths that nucleate heterogeneously on 
small non-metallic inclusions and grow in many different directions from these point 
nucleation sites [9, 10]. Based on extensive investigations [11, 14, 15], the 
transformation mechanism of AF in steel welds was found to be similar to that of bainite, 
except for the requirement of intragranular nucleation sites. Therefore, AF in steel 
welds has been known as intragranularly nucleated bainite [11]. 
:KLOHLQ+6/$VWHHOV$)ZDVGHILQHGE\6PLWKHWDO>@LQDV³DKLJKO\
VXEVWUXFWXUHG QRQHTXLD[HG IHUULWH WKDW IRUPV XSRQ FRQWLQXRXV FRROLQJ E\ D PL[HG
GLơXVLRQDQGVKHDUPRGHRIWUDQVIRUPDWLRQWKDWEHJLQVDWDWHPSHUDWXUHVOLJKWO\KLJKHU
WKDQWKHXSSHUEDLQLWHWUDQVIRUPDWLRQUDQJH´$OWKRXJK$)LQ+6/$VWHHOVQXFOHDWHV
LQWUDJUDQXODUO\DQGLWVWUDQVIRUPDWLRQPHFKDQLVPLVEDLQLWLF>@WKHLQWUDJUDQXODU
QXFOHDWLRQ VLWHV RI$) LQ +6/$ VWHHOV DUH GLVORFDWLRQ VXEVWUXFWXUHV LQVWHDG RI non-
metallic inclusions > @. This difference leads to distinct morphology 
characteristics of AF in HSLA steels which are small grain sizes, irregular grain shapes 
and a chaotic grain arrangement >@, in contrast to the radiating morphology of 
AF laths in steel welds >@.  
7RREWDLQDQ$)GRPLQDQWPLFURVWUXFWXUHLQ+6/$VWHHOVWKHHIIHFWVRIYDULRXV
SURFHVVLQJSDUDPHWHUVLQFOXGLQJDXVWHQLWHGHIRUPDWLRQEHORZWKHUHFU\VWDOOLVDWLRQVWRS
WHPSHUDWXUH 7 >  @ DQG FRROLQJ UDWHV >@ KDYH EHHQ LQYHVWLJDWHG
+RZHYHU OLWWOH DWWHQWLRQ KDVEHHQSDLG WR WKH LQIOXHQFHRI SULRUDXVWHQLWH JUDLQ VL]H
3$*6 3$*6 LV ZHOO NQRZQ WR KDYH D VLJQLILFDQW LQIOXHQFH RQ YDULRXV SKDVH
WUDQVIRUPDWLRQVRIVWHHOV>@:LWKUHVSHFWWR$)LQVWHHOZHOGVLWZDVIRXQGWKDW
? 
 
WKH GHFRPSRVLWLRQ RI DXVWHQLWH LV D FRPSHWLWLRQ EHWZHHQ %) QXFOHDWHG RQ DXVWHQLWH
JUDLQERXQGDULHVDQG$)QXFOHDWHGLQWUDJUDQXODUO\RQQRQPHWDOOLFLQFOXVLRQV>@
%\ LQFUHDVLQJ 3$*6 WKH IUDFWLRQ RI LQWUDJUDQXODUO\ QXFOHDWHG $) ZDV LQFUHDVHG
UHSODFLQJ WKH ERXQGDU\ QXFOHDWHG %) DQG WKLV ZDV DWWULEXWHG WR WKH UHGXFWLRQ RI
DXVWHQLWHJUDLQERXQGDU\DUHDDQGWKXVWKHQXFOHDWLRQVLWHGHQVLW\RI%)>@  
6LQFH$)LQ+6/$VWHHOVDOVRQXFOHDWHVLQWUDJUDQXODUO\>@LWLVUHDVRQDEOH
WRDVVXPHWKDWWKHIUDFWLRQRI$)ZLOODOVREHLQIOXHQFHGE\WKHFKDQJHRI3$*6$V
SURSRVHGE\WKHSUHVHQWDXWKRUV>@DXVWHQLWHGHIRUPDWLRQDQGSURSHUFRROLQJUDWHV
DUHSUHUHTXLVLWHVIRUWKH$)WUDQVIRUPDWLRQLQ+6/$VWHHOV7KHUHIRUHLQWKLVUHVHDUFK
VSHFLPHQVZLWKYDULRXV DXVWHQLWHJUDLQ VL]HVZHUHGHYHORSHGDQGVXEMHFWHG WRSODQH
VWUDLQFRPSUHVVLRQVDQGDFFHOHUDWHGFRROLQJWRLQYHVWLJDWHWKHHIIHFWRI3$*6EHIRUH
DXVWHQLWHGHIRUPDWLRQRQWKH$)WUDQVIRUPDWLRQLQD+6/$VWHHO>@ 
2. Material and methods 
The chemical composition of the tested steel is shown in Table 1. In order to fully 
dissolve the Nb-containing precipitates and shorten the preheating time during testing, 
all specimens were subjected to solid-VROXWLRQKHDW WUHDWPHQWVDWÛ&ZLWKDUJRQ
DWPRVSKHUHSURWHFWLRQDQGWKHQZHUHZDWHUTXHQFKHGGLUHFWO\IURPÛ&WRURRP
temperature. 
Table 1 Chemical Compositions (wt%) 
& 0Q 6L 6 3 1E &U 1L &X 7L 1 
          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7KH SURFHVVLQJ URXWH LV LOOXVWUDWHG LQ )LJXUH  7KH KHDWWUHDWHG VDPSOHV ZHUH
UHKHDWHGWRÛ&DWDUDWHRIÛ&VKHOGIRUPLQXWHVIRUHTXLOLEUDWLRQDQGWKHQ
FRROHGDWDUDWHRIÛ&VWRÛ&IRUDURXJKGHIRUPDWLRQZLWKVWUDLQDWDFRQVWDQW
WUXHVWUDLQUDWHRIV$IWHUWKDWWKHVDPSOHVZHUHFRROHGLPPHGLDWHO\WRÛ&DWD
UDWHRIÛ&VIRUDILQLVKGHIRUPDWLRQZLWKVWUDLQRI7KLVILQLVKGHIRUPDWLRQZDV
DOVRSHUIRUPHGDWDFRQVWDQWWUXHVWUDLQUDWHRIVDQGZDVIROORZHGE\DQDFFHOHUDWHG
FRROLQJIURPÛ&WRÛ&DWDUDWHRIÛ&VDVORZFRROLQJIURPÛ&WRÛ&
DWDUDWHRIÛ&VDQGILQDOO\DZDWHUTXHQFKLQJIURPÛ&WRURRPWHPSHUDWXUH 
 
)LJXUH6FKHPDWLFLOOXVWUDWLRQRIWKHWKHUPRPHFKDQLFDOWHVWLQJSURILOH 
 
During the solid-solution heat treatment and thermomechanical processing 
illustrated above, parameters of the solid-solution heat treatment, the reheating and the 
rough deformation (strain1) all can influence the PAGS before the finish deformation 
(strain2). However, attention must be paid to choosing the suitable parameters to 
generate different PAGSs, especially the reheating temperature and duration. During 
? 
 
reheating, not only the PAGS but also the dissolution status of Nb-containing 
precipitates are changed by altering the reheating temperatures or durations [33], which 
makes the investigation on the effect of PAGS biased. Differently, if the standard solid-
solution heat treatment can dissolve most of the Nb-containing precipitates, prolonging 
the duration of the heat treatment can result in a larger PAGS without greatly changing 
the Nb-containing precipitates dissolution status. In addition, altering the rough 
deformation (strain1) also have little influence on the Nb-containing precipitates 
dissolution VWDWXVVLPSO\GXHWRWKHKLJKWHPSHUDWXUHÛ&RIWKLVGHIRUPDWLRQDW
which the precipitation of Nb carbide or carbonitride is very slow. Therefore, to 
generate austenite with different grain sizes, different combinations of solid solution 
heat treatment and rough deformation (strain 1) were used as shown in Table 2 [34] and 
S, M, L and XL were designated to the specimens with different PAGSs. Additionally, 
specimen S, M, L and XL were also water quenched directly from 950ÛC before or after 
the finish deformation (strain2 of 0.5) to reveal the prior-austenite microstructures with 
different PAGSs.  
7DEOH+HDWWUHDWPHQWDQGDXVWHQLWHGHIRUPDWLRQSDUDPHWHUV 
 
6SHFLPHQQDPHV 6 0 / ;/ 
+HDWWUHDWPHQWWHPSHUDWXUHÛ&     
+HDWWUHDWPHQWGXUDWLRQV     
6WUDLQYROXPH     
3ULRUDXVWHQLWHJUDLQVL]HȝP     
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Samples for metallographic observation were cut on the rolling direction (RD)±
normal direction (ND) plane and prepared carefully. A 2% nital solution was used to 
show the transformed microstructure and a saturated aqueous picric acid solution was 
used to reveal the prior-austenite grain boundaries (PAGBs). PAGSs were measured 
optically by the linear intercept method. 2SWLFDO PLFURVFRS\ 20 DQG VFDQQLQJ
HOHFWURQPLFURVFRS\6(0REVHUYDWLRQVZHUHFDUULHGRXWRQ1LNRQ(FOLSVH/9DQG
)(,,QVSHFW)UHVSHFWLYHO\ 
EBSD mappings were performed via a FEI Sirion electron microscope with a HKL 
Nordlys detector. Orientation maps ZLWKDVWHSVL]HRIȝPDQGaccelerating voltage 
of 20kV were obtained on the RD-ND plane for each sample 7R UHGXFH WKH PLV
LQGH[LQJRISKDVHVLQWKLVFRPSOH[PLFURVWUXFWXUHĮLURQ%&&ZDVFKRVHQDVWKHRQO\
PDWFKLQJXQLW)ROORZLQJDUHFRPPHQGHGPHWKRG>@QRLVHSRLQWVRIUDZGDWDZHUH
UHPRYHG DQG QRQLQGH[HG SRLQWV ZHUH ILOOHG ZLWK WKH FRPPRQ RULHQWDWLRQ RI WKHLU
QHLJKERXUVXVLQJ+./&KDQQHO7DQJRVRIWZDUH 
3. Results 
3.1 Prior-austenite microstructures 
2SWLFDOPLFURJUDSKVRIWKHSULRUDXVWHQLWHJUDLQERXQGDULHV3$*%VERWKEHIRUH
DQGDIWHUVWUDLQIRUVSHFLPHQ60/DQG;/DUHVKRZQLQ)LJXUH,WLVFOHDUIURP
)LJXUHDaGWKDWWKURXJKDGMXVWLQJWKHVROLGVROXWLRQKHDWWUHDWPHQWGXUDWLRQVDQGWKH
YROXPHV RI VWUDLQ IXOO\ UHFU\VWDOOLVHG DXVWHQLWH ZLWK GLIIHUHQW JUDLQ VL]HV ZHUH
REWDLQHGEHIRUHVWUDLQ3$*6PHDVXUHPHQWUHVXOWVDUHVKRZQLQ7DEOHYDU\LQJIURP
? 
 
ȝPWRȝP$IWHUWKHILQLVKGHIRUPDWLRQVWUDLQRIDXVWHQLWHJUDLQVRIDOO
VSHFLPHQVUHPDLQLQDGHIRUPHGVWDWHDVVKRZQLQ)LJXUHHaKDQGWKHUHLVQRVLJQRI
WKHRQVHWRIG\QDPLF UHFU\VWDOOL]DWLRQ '5;This corresponds well with the result 
shown in research [36] that the austenite non-recrystallization temperature is 1060Û& 
for a HSLA steel with a similar chemical composition to the tested steel in this research 
but a slightly higher Nb content (0.1 wt%). 
? 
 
 
Figure 2 Optical micrographs of prior-austenite grain boundaries for specimen S, M, L 
and XL respectively: (a)~(d) before VWUDLQ DW Û& (e)~(h) after strain2 of 0.5 at 
Û& 
?? 
 
3.2 Transformed microstructures 
According to the classification systems proposed by Araki et al. [2] and Krauss et 
al. [3], ferritic transformation products can be divided into several categories including 
polygonal ferrite (PF), quasi-polygonal ferrite (QF), granular bainite (GB), acicular 
ferrite (AF) and lath bainite (LB). PF and QF are reconstructive transformation products. 
PF forms at the slowest cooling rates and the highest transformation temperatures. It 
nucleates at austenite grain boundaries and grows into an equiaxed shape [3]. QF often 
forms in very-low-carbon steels under rapid cooling [4]. In this condition, single-phase 
austenite can transform into single-phase ferrite without a composition change, and the 
QF grains formed are usually coarse and have irregular and jagged grain boundaries [3]. 
At lower transformation temperatures, AF, GB and LB transformations become 
dominant [5, 6]. The transformation and microstructural characteristics of AF are 
illustrated in the introduction section. GB usually forms at relatively high temperatures 
and mainly consists of wide parallel laths. The boundaries between GB laths are usually 
low angle grain boundaries (LAGBs) with small misorientation angles [7] and are 
difficult to be revealed by orientation sensitive etchants like nital [8]. Therefore, it is 
difficult to observe these lath boundaries and only the packet boundaries can be 
revealed clearly [9], which makes GB packets looks like grains with an almost entirely 
granular aspect [10]. Differently, LB forms at relatively low temperatures and consists 
of fine parallel laths [11]. Some of these lath boundaries are high angle grain boundaries 
+$*%VZLWKPLVRULHQWDWLRQDQJOHVKLJKHUWKDQÛDQGDUHSURQHWREHUHYHDOHGE\
etching with nital. Therefore, areas with a clear lath-like morphology correspond to LB 
?? 
 
microstructures [9]. Despite the difference in morphology, GB is not different from LB 
in terms of the transformation mechanism, and both of them mainly consist of parallel 
laths and contain a high density of dislocations [10]. Therefore, in this research, both 
GB and LB are termed as bainitic ferrite (BF). 
2SWLFDO PLFURJUDSKV RI WKH FRQWLQXRXVO\ FRROHG PLFURVWUXFWXUHV ZLWK GLIIHUHQW
3$*6VDUHVKRZQLQ)LJXUH)URPWKHVHPLFURJUDSKVZHFDQVHHWKDWWKHWUDQVIRUPHG
PLFURVWUXFWXUHVZLWK3$*6VRIȝPDQGȝPDUHYHU\VLPLODUDQGVRDUHWKRVH
ZLWK3$*6VRIȝPDQGȝP+RZHYHU WKHWUDQVIRUPHGPLFURVWUXFWXUHVZLWK
3$*6VRIȝPDQGȝPDUHTXLWHGLIIHUHQWIURPWKRVHZLWK3$*6VRIȝP
DQGȝP7KHUHIRUHWKH3$*6VFDQEHGLYLGHGLQWRWZRJURXSVWKHVPDOO3$*6V
JURXSȝPDQGȝPDQGWKHODUJH3$*6VJURXSȝPDQGȝP:LWK
WKHVPDOO3$*6VWKHWUDQVIRUPHGPLFURVWUXFWXUHVDUH$)GRPLQDQWFRQVLVWLQJRIQRQ
HTXLD[HG IHUULWH ODWKV ZLWK DQ LUUHJXODU DUUDQJHPHQW :KLOH LQ WKH WUDQVIRUPHG
PLFURVWUXFWXUHVZLWKWKHODUJH3$*6VDOWKRXJKDVPDOOIUDFWLRQRI$)VWLOOH[LVWVWKH
PDMRUWUDQVIRUPDWLRQSURGXFWLV%)RUJDQL]HGDQGSDUDOOHOODWKVQXFOHDWHGRQDXVWHQLWH
JUDLQERXQGDULHVDQGH[WHQGHGLQWRDXVWHQLWHJUDLQLQWHULRU,WVKRXOGEHPHQWLRQHGWKDW
WKHUHPD\EH3)4)JUDLQVLQWKHVHPLFURVWUXFWXUHVKRZHYHULWLVH[WUHPHO\GLIILFXOW
WRLGHQWLI\WKHPWKURXJKRSWLFDOPLFURVFRS\RUHYHQ6(0DQGDQ(%6'EDVHGSKDVH
TXDQWLILFDWLRQPHWKRGFRXOGEHUHVRUWHGWR>@  
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Figure 3 Optical micrographs depicting transformed microstructures with different 
3$*6VDȝPEȝPFȝPDQGGȝP 
 
7R REVHUYH WKH PLFURVWUXFWXUHV LQ JUHDWHU GHWDLO 6(0 VHFRQGDU\ HOHFWURQ
PLFURJUDSKV RI WKH FRQWLQXRXVO\ FRROHG PLFURVWUXFWXUHV ZLWK GLIIHUHQW 3$*6V DUH
VKRZQLQ)LJXUH6LPLODUUHVXOWVWRWKRVHREVHUYHGIURPRSWLFDOPLFURJUDSKVFDQEH
REWDLQHGWKDWZLWKWKHVPDOO3$*6VWKHWUDQVIRUPHGPLFURVWUXFWXUHVDUH$)GRPLQDQW
ZKLOHIRUWKHODUJH3$*6VSDUDOOHO%)ODWKVDUHWKHPDLQSKDVHFRPSRQHQW7KHUHIRUH
WKHUHLVDGLVWLQFWHIIHFWRIWKH3$*6EHIRUHDXVWHQLWHGHIRUPDWLRQRQWKHPLFURVWUXFWXUH
HYROXWLRQXQGHUWKHSUHVHQWWHVWFRQGLWLRQ 
?? 
 
 
Figure 4 SEM secondary electron micrographs showing transformed microstructures 
ZLWKGLIIHUHQW3$*6VDȝPEȝPFȝPDQGGȝP 
3.3 EBSD mapping 
)ROORZLQJWKHQRLVHUHGXFWLRQDVPDOODUHDRIHDFK(%6'GDWDVHWZDVXVHGWRSORW
DQ LQYHUVH SROH ILJXUH ,3) FRORXUHG RULHQWDWLRQ PDS DQG D ERXQGDU\ PDS )RU D
VWDWLVWLFDODQDO\VLVRIWKHERXQGDU\LQWHUFHSWLRQOHQJWKJUDLQVL]HGLVWULEXWLRQDQGSKDVH
FRQVWLWXWLRQHDFKZKROHGDWDVHWZDVXVHG 
7KHVHOHFWHGDUHD,3)FRORXUHGRULHQWDWLRQPDSVDQGFRUUHVSRQGLQJERXQGDU\PDSV
RIWKHFRQWLQXRXVO\FRROHGPLFURVWUXFWXUHVZLWKGLIIHUHQW3$*6VDUHVKRZQLQ)LJXUH
)URPWKHVHPDSVZHFDQVHHWKDWWKHWUDQVIRUPDWLRQPLFURVWUXFWXUHVZLWKWKHVPDOO
?? 
 
3$*6VȝPDQGȝPDUHILQHUDQGERWKWKHGHQVLWLHVDQGIUDFWLRQVRI+$*%V
DUHKLJKHUWKDQWKRVHZLWKWKHODUJH3$*6VȝPDQGȝP,QWKHERXQGDU\PDSV
)LJXUHHaKWKHGLVWULEXWLRQRI+$*%VLVLQKRPRJHQHRXVDQGWKHZKROHPDSFDQEH
GLYLGHGLQWRWZRSDUWVUHJLRQVERXQGHGE\+$*%VZLWKDKLJKGHQVLW\RI/$*%VEXW
QR+$*%VLQVLGHDQGUHJLRQVFRQVLVWLQJRIILQHJUDLQVZLWKDKLJKGHQVLW\RI+$*%V
2QHRI WKHPDLQGLIIHUHQFHVEHWZHHQ$)DQG %) LV WKDW WKHUH DUH DKLJKGHQVLW\RI
+$*%VLQ$)>@$OWKRXJKLWLVSRVVLEOHWRIRUPDKLJKGHQVLW\RI+$*%VLQ%)
DWORZWUDQVIRUPDWLRQWHPSHUDWXUHV[39]WKHVH+$*%VDUHODUJHO\JHQHUDWHGEHWZHHQ
SDUDOOHO%)ODWKVVRWKDW WKH\DUHZHOODOLJQHG$IWHUDFDUHIXOH[DPLQDWLRQRI)LJXUH
HaKOLPLWHGSDUDOOHO+$*%VZHUHLGHQWLILHGVXJJHVWLQJWKDWPRVWRIWKH+$*%VDUH
JHQHUDWHGIURP$)WUDQVIRUPDWLRQDQGWKHWZRNLQGVRIUHJLRQVFDQEHURXJKO\UHJDUGHG
DV%)UHJLRQVDQG$)UHJLRQVUHVSHFWLYHO\$VVKRZQLQ)LJXUHHaKIUDFWLRQVRI%)
UHJLRQVDUHFRQVLGHUDEO\KLJKHULQPLFURVWUXFWXUHVZLWKWKHODUJH3$*6V)LJXUHJaK
LQGLFDWLQJWKDWDWUDQVLWLRQIURP$)WR%)RFFXUVZLWKWKHLQFUHDVHRI3$*6 
?? 
 
 
?? 
 
Figure 5 EBSD maps of the transformed microstructures with different PAGSs: (a)~(d) 
inverse pole figure coloured orientation maps corresponding to microstructures with 
3$*6 RI ȝP ȝP ȝP DQG ȝP UHVSHFWLYHO\ ZKHUH EODFN OLQHV
represent high angle boundaries with misorientation greater than 15°; (e)~(h) boundary 
maps corresponding to the same area in (a)~(d) respectively, where blue lines represent 
low angle boundaries with misorientation between 3°and 15° whilst red lines represent 
high angle boundaries with misorientation greater than 15°. 
 
7KHVH PLFURVWUXFWXUH FKDQJHV FDQ EH evaluated through D SKDVH TXDQWLILFDWLRQ
PHWKRGEDVHGRQ(%6'GDWDSURSRVHGE\ WKHSUHVHQWDXWKRUV >@ In HSLA steels, 
PF/QF grains usually have equiaxed shapes, low defect densities and high fractions of 
HAGBs, while AF grains have small grain sizes, high defect densities and relatively 
high fractions of HAGBs. %DVHG RQ WKH criteria HVWDEOLVKHG on grain averaged 
misorientation angles (defect densities), aspect ratios (grain shapes), HAGB fractions 
and grain sizes, fractions of PF/QF and AF grains can be quantified from the orientation 
maps of the transformed microstructures and the fraction of BF grains could be obtained 
by difference >@ $GRSWLQJ WKLV PHWKRG fractions of PF/QF, AF and BF were 
quantified and the results are shown in 7DEOH. It is clear that with PAGS increasing 
from 37.0~62.8ȝP WKH IUDFWLRQRI%) ULVHVDW WKHH[SHQVHRI$)DQG3)4) DQGD
WUDQVLWLRQIURP$)WR%)RFFXUV:KLOHZLWK3$*6RIȝPDUHODWLYHO\ORZHU$)
IUDFWLRQFDQEHIRXQGDQGSRVVLEOHUHDVRQVDUHGLVFXVVHGLQ6HFWLRQ 
?? 
 
7DEOH)UDFWLRQVRIGLIIHUHQWSKDVHVREWDLQHGE\DQ(%6'EDVHGPHWKRG 
3$*6ȝP     
3)4)      
$)     
%)     
 
7RTXDQWLI\WKHPLFURVWUXFWXUHUHILQHPHQWPLVRULHQWDWLRQDQJOHWKUHVKROGYDOXHV
VKRXOGEHVHOHFWHGMisorientation DQJOHVRIÛDQGÛDUHW\SLFDOWKUHVKROGYDOXHVWR
define the microstructural unit sizes responsible for strengthening and toughening, 
respectively [40, 41].*UDLQVL]HVGHILQHGE\GLIIHUHQWPLVRULHQWDWLRQWKUHVKROGYDOXHV
Û DQGÛZHUHPHDVXUHGE\ D OLQHDU LQWHUFHSW PHWKRG LQ WKH&KDQQHO  VRIWZDUH
UHVSHFWLYHO\7KHJHRPHWULFPHDQVRIWKHOLQHDULQWHUFHSWOHQJWKVLQERWKKRUL]RQWDODQG
YHUWLFDOGLUHFWLRQVZHUHFDOFXODWHGDVLQUHIHUHQFH>@DQGDUHVKRZQLQ)LJXUH,WFDQ
EHVHHQLQ)LJXUHWKDWWKHPHDQOLQHDULQWHUFHSWOHQJWKVIROORZLQJERWKPLVRULHQWDWLRQ
DQJOH WKUHVKROGYDOXHV ILUVWO\GHFUHDVHZLWK WKH UHGXFWLRQRI3$*6 IURP ȝP WR
ȝP DQG WKHQ OHYHO RII ZKHQ 3$*6 LV IXUWKHU UHGXFHG WR ȝP )XUWKHUPRUH
FKDQJHVRIWKHPHDQLQWHUFHSW OHQJWKVERWKEHWZHHQWKHWUDQVIRUPHGPLFURVWUXFWXUHV
ZLWK3$*6VRIȝPDQGȝPDQGEHWZHHQWKHWUDQVIRUPHGPLFURVWUXFWXUHVZLWK
3$*6VRIȝPDQGȝPDUHQRWVWDWLVWLFDOO\VLJQLILFDQWDVWKHUHDUHYHU\ODUJH
RYHUODSV RI WKH HUURU EDUV %XW WKH GLIIHUHQFH RI WKH PHDQ LQWHUFHSW OHQJWK LV TXLWH
HYLGHQWEHWZHHQWKHWUDQVIRUPHGPLFURVWUXFWXUHVZLWKWKHVPDOODQGWKHODUJH3$*6V  
?? 
 
 
Figure 6 Microstructure size parameters measured against two misorientation criteria, 
4° and 15°, as the geometric means of the linear interception lengths in horizontal and 
vertical directions from the EBSD maps of the transformed microstructures with 
different PAGSs. Error bars represent 95% confidence levels of the measurement. 
 
%\DOWHULQJWKH3$*6EHIRUHDXVWHQLWHGHIRUPDWLRQQRWRQO\WKHJUDLQUHILQHPHQW
EXWDOVRWKHPLFURVWUXFWXUHKRPRJHQHLW\DUHLQIOXHQFHGDVVKRZQLQ)LJXUH,QRUGHU
WRTXDQWLI\WKHPLFURVWUXFWXUHKRPRJHQHLW\WKHGLVWULEXWLRQVRIJUDLQVL]HVGHILQHGE\
WKHGLDPHWHURIWKHHTXLYDOHQWFLUFOHDJDLQVWWKHPLVRULHQWDWLRQDQJOHFULWHULDRIÛIRU
WKHWUDQVIRUPHGPLFURVWUXFWXUHVZLWKGLIIHUHQW3$*6VDUHVKRZQLQ)LJXUH:LWKWKH
VPDOO 3$*6V ȝP DQG ȝP WKH $) GRPLQDQW PLFURVWUXFWXUHV SRVVHVV
KRPRJHQHRXVJUDLQVL]HGLVWULEXWLRQVDQGWKHGLIIHUHQFHEHWZHHQWKHPLVYHU\VPDOO
$V 3$*6 LV LQFUHDVHG IURP ȝP WR ȝP DQ LQFUHDVH LQ WKH PLFURVWUXFWXUH
?? 
 
KHWHURJHQHLW\ LV REVHUYHG DQG ZLWK WKH ODUJHVW 3$*6 ȝP WKH JUDLQ VL]H
GLVWULEXWLRQLVWKHZLOGHVW7KHUHIRUHLWLVVWUDLJKWIRUZDUGWRVD\WKDWUHGXFLQJ3$*6
EHIRUH DXVWHQLWH GHIRUPDWLRQ FDQ VLJQLILFDQWO\ KRPRJHQLVH WKH WUDQVIRUPHG
PLFURVWUXFWXUH 
 
Figure 7 Grain size distributions of the transformed microstructures with different 
PAGSs against the misorientation angle criteria of 15° plotted in terms of accumulated 
area fraction. 
4. Discussion 
4.1 Effect of PAGS on AF transformation 
6LQFH$) LQ +6/$ VWHHOV LV ZLGHO\ FRQVLGHUHG DV DQ LQWUDJUDQXODUO\ QXFOHDWHG
WUDQVIRUPDWLRQSURGXFWDFFRUGLQJWRWKHUHVXOWVRIUHVHDUFK>@WKDWE\LQFUHDVLQJ
3$*6WKHGRPLQDQWWUDQVIRUPDWLRQSURGXFWFKDQJHVIURPERXQGDU\QXFOHDWHGSKDVHV
HJ%)WRLQWUDJUDQXODUQXFOHDWHGSKDVHVWKHYROXPHIUDFWLRQRI$)LQ+6/$VWHHOV
?? 
 
VKRXOGEHUDLVHGZLWK WKH LQFUHDVHRI3$*6+RZHYHUDV VKRZQLQ7DEOH WKDW WKH
YROXPHIUDFWLRQRI$)DFWXDOO\LVUHGXFHGZLWKWKHLQFUHDVHRI3$*6IURPȝPWR
ȝP7KHGLVFUHSDQF\EHWZHHQWKHH[SHULPHQWDOUHVXOWVLQWKLVUHVHDUFKDQGWKRVHLQ
UHIHUHQFH>@FDQEHDWWULEXWHGWRWKHGLIIHUHQFHLQLQWUDJUDQXODUQXFOHDWLRQVLWHV
EHWZHHQ$)LQVWHHOZHOGVDQG$)LQ+6/$VWHHOV 
,WLVXQLYHUVDOO\DFNQRZOHGJHGWKDW$)LQVWHHOZHOGVQXFOHDWHVRQWKHQRQPHWDOOLF
LQFOXVLRQVLQWURGXFHGGXULQJZHOGLQJDQGDIWHUZHOGLQJWKHGHQVLW\RIWKHQRQPHWDOOLF
LQFOXVLRQVDQGWKXVWKHSRVVLEOHQXFOHDWLRQVLWHVRI$)LVIL[HG:LWKUHJDUGWR%)SULRU
DXVWHQLWHJUDLQERXQGDULHVDUHLWVQXFOHDWLRQVLWHVDQGIRUUHFU\VWDOOLVHGDXVWHQLWHJUDLQV
WKHtotal area of austenite grain boundaries per unit volume, Sv, was SURSRVHGDV 
ܵ௩ ൌ  ?ܦ (1) 
ZKHUH'LVWKHDXVWHQLWHJUDLQVL]HPHDVXUHGE\WKHPHDQOLQHDULQWHUFHSWOHQJWK>@
7KHUHIRUHWKHQXFOHDWLRQVLWHGHQVLW\RI%)increases reciprocally with the reduction of 
PAGS while that of AF in steel welds remains fixed, OHDGLQJWRWKHSURPRWLRQRIWKH
ERXQGDU\QXFOHDWHGSKDVH%)DQGWKXVWKHUHGXFWLRQRIWKHLQWUDJUDQXODUO\QXFOHDWHG
SKDVH$)LQVWHHOZHOGVDVVKRZQLQUHVHDUFK>@ 
,QFRQWUDVWWKHUHGXFWLRQRI$)IUDFWLRQZLWKWKHLQFUHDVHRI3$*6IRXQGLQWKLV
UHVHDUFKFDQEHH[SODLQHGE\FRQVLGHULQJWKHFKDQJHRIQXFOHDWLRQVLWHGHQVLWLHVRI$)
DQG%)ZLWKWKHULVHRI3$*6$VSURSRVHGE\WKHSUHVHQWDXWKRUV>@WKHLQWURGXFWLRQ
RILQWUDJUDQXODUQXFOHDWLRQVLWHVDQGWKHKDOWLQJRI%)ODWKVQXFOHDWHGRQDXVWHQLWHJUDLQ
ERXQGDULHV DUH WKH WZR FRQGLWLRQV VKRXOG EH IXOILOOHG IRU WKH RFFXUUHQFH RI DFLFXODU
IHUULWHWUDQVIRUPDWLRQLQ+6/$VWHHOV$XVWHQLWHGHIRUPDWLRQLVFULWLFDOWRPHHWWKHVH
?? 
 
WZRFRQGLWLRQVDVLWLQWURGXFHVDKLJKGHQVLW\RIGLVORFDWLRQVWKDWDFWDVLQWUDJUDQXODU
QXFOHDWLRQ VLWHV IRU $) DQG WKHVH GHIRUPDWLRQ VXEVWUXFWXUHV DOVR VXSSUHVV WKH
OHQJWKHQLQJRI%)ODWKVWKURXJKWKHPHFKDQLVPRIPHFKDQLFDOVWDELOLVDWLRQRIDXVWHQLWH
>@ 7KHUHIRUH WKH GHQVLW\ RI GHIRUPDWLRQ LQGXFHG GLVORFDWLRQV FDQ EH
DSSUR[LPDWHO\UHJDUGHGDVWKHQXFOHDWLRQVLWHGHQVLW\RI$)7KHGHQVLW\RIGHIRUPDWLRQ
LQGXFHGGLVORFDWLRQȡZDVSUHVHQWHGDV 
ߩ ൌ ߝܾ݈  (2) 
ZKHUH& LVD FRQVWDQW İ WKHVWUDLQE WKHPDJQLWXGHRI WKH%XUJHUVYHFWRUDQG O WKH
DYHUDJH VOLS OHQJWK >@7KHDYHUDJH VOLS OHQJWKPXVWGHFUHDVH DV WKHSODVWLF VWUDLQ
LQFUHDVHVDQGZDVSURSRVHGDV ݈ ൌ ߜܦሺߜ ൅ ܦߝሻ (3) 
ZKHUH'LVWKHDXVWHQLWHJUDLQVL]HEHIRUHGHIRUPDWLRQİWKHVWUDLQDQGįDFRHIILFLHQW
HTXDO WRaȝP>@&RPELQLQJ(TXDWLRQDQG WKHGLVORFDWLRQGHQVLW\FDQEH
H[SUHVVHGDV 
ߩ ൌ ߝܾܦ ൅ ߝଶܾߜ  (4) 
,WLVDSSDUHQWWKDWWKHGLVORFDWLRQGHQVLW\LQFUHDVHVUHFLSURFDOO\ZLWKWKHUHGXFWLRQRI
3$*6EHIRUHGHIRUPDWLRQ7KLVLVDOVRLQDFFRUGDQFHZLWKWKHUHVXOWLQGLFDWHGE\WKH
+DOO3HWFKUHODWLRQVKLS>@DQGWKHUHODWLRQVKLSEHWZHHQWKHVWUHVVDQGWKHGLVORFDWLRQ
GHQVLW\SURSRVHGDV 
ߪ ൌ ߙܩܾߩଵȀଶ (5) 
ZKHUHĮLVDQXPHULFDOFRQVWDQWRIRUGHUXQLW\DQG*WKHVKHDUPRGXOXV>@ 
?? 
 
:LWKUHJDUGWR%)SULRUDXVWHQLWHJUDLQERXQGDULHVFDQEHWUHDWHGDVLWVQXFOHDWLRQ
VLWHVDQGWKHtotal area of deformed austenite grain boundary per unit volume, Sv(GB),
ZDVSUHVHQWHGDV 
 ܵ௩ሺ
ሻ ൌ ሾ ?Ǥ ? ?ሺܴ െ  ?Ǥ ?ሻ ൅  ?ሿሺ ?ܦሻ (6) 
ZKHUHR is WKHUHGXFWLRQUDWLR>@)URP(TXDWLRQZHFRXOGVHHWKDWXQGHUWKHVDPH
UHGXFWLRQ UDWLR QDPHO\ WKH VDPH VWUDLQ WKH total area of deformed austenite grain 
boundaries per unit volume also KDVDUHFLSURFDOUHODWLRQVKLSZLWKWKHFKDQJHRI3$*6V 
%DVHGRQ(TXDWLRQDQGLWLVFOHDUWKDWXQOLNH$)LQVWHHOZHOGVDOWKRXJK
WKHQXFOHDWLRQVLWHGHQVLW\RI%)LQFUHDVHVUHFLSURFDOO\ZLWKWKHUHGXFWLRQRI3$*6WKH
QXFOHDWLRQVLWHGHQVLW\RI$)LQ+6/$VWHHOVDOVRULVHVZLWKDUHFLSURFDOUHODWLRQVKLS
ZLWKWKHGHFUHDVHRI3$*6More importantly, compared with AF, BF laths are more 
likely to be suppressed by austenite deformation substructures and austenite grain 
boundaries.)RU%)PLFURVWUXFWXUHVZLWKWKHODUJH3$*6VDQGWKXVWKHORZGLVORFDWLRQ
GHQVLWLHV%)ODWKVQXFOHDWHRQDXVWHQLWHJUDLQERXQGDULHVDQGH[WHQGLQWRWKHDXVWHQLWH
JUDLQLQWHULRU7KHOHQJWKHQLQJRI%)ODWKVLVPRUHOLNHO\WREHKDOWHGE\WKHRSSRVLWH
DXVWHQLWHJUDLQERXQGDULHVRUE\WKH%)ODWKVQXFOHDWHGRQWKHRSSRVLWHDXVWHQLWHJUDLQ
ERXQGDULHV7KHUHIRUHORQJ%)ODWKVDQGODUJH%)SDFNHWVZHUHGHYHORSHGDVVKRZQLQ
)LJXUHFaGWith the reduction of PAGS, the areas in austenite grains become smaller 
and narrower after deformation. This restricts BF laths and packets to smaller sizes 
because displacive transformation interfaces cannot move through the austenite grain 
boundaries [11].0RUHRYHUGXHWRWKHKLJKHUGLVORFDWLRQGHQVLWLHVLQGHIRUPHGVPDOO
JUDLQHG DXVWHQLWH %) ODWKV DUH PRUH OLNHO\ WR EH VXSSUHVVHG E\ GHIRUPDWLRQ
?? 
 
VXEVWUXFWXUHVWKURXJKWKHPHFKDQLVPRIPHFKDQLFDOVWDELOL]DWLRQRIDXVWHQLWH>@
%RWKRI WKHVH WZRIDFWRUV OHDG WRGUDPDWLFDOO\GHFUHDVHG%)ODWK OHQJWKVDQGSDFNHW
VL]HV DV VKRZQ LQ )LJXUH DaE 2Q WKH RWKHU KDQG IRU$) PLFURVWUXFWXUHV LW LV WKH
LPSLQJHPHQWEHWZHHQDGMDFHQWO\QXFOHDWHG$)ODWKVLQVWHDGRIDXVWHQLWHGHIRUPDWLRQ
VXEVWUXFWXUHVDQGDXVWHQLWHJUDLQERXQGDULHVWKDWVXSSUHVVHVWKHOHQJWKHQLQJRI$)ODWKV
VR WKDW$) JUDLQV LQ DOO WUDQVIRUPHG PLFURVWUXFWXUHV KDYH VPDOO JUDLQ VL]HV )LJXUH
DaG Therefore, compared with AF laths, BF laths are more susceptible to the 
mechanical stabilisation effect of austenite deformation substructures and the 
restricting effect of austenite grain boundaries. 
It should be noted as well that decreasing PAGS before austenite deformation also 
compromises the hardenability of HSLAs steels, which can be manifested by the 
increased PF/QF fractions shown in Table 3, with 3$*6GHFUHDVLQJIURPȝPWR
ȝP7KHIRUPDWLRQRI3)4)grains occupies the austenite grain boundaries which 
could be the nucleation site of BF. Furthermore, the enrichment of carbon or carbon 
and substitutional solid solution elements in the surrounding austenite stabilises the 
austenite and postpones the BF nucleation RQĮȖLQWHUIDFHV [29, 30]. In contrast, this 
enrichment has a less severe impact on AF transformation due to its intragranular 
nucleation. 
In summary, although both the nucleation site densities of BF and AF increase 
reciprocally with the reduction of PAGS, Equation (4) and (6), BF laths are subjected 
to increasingly severe mechanical stabilisation effect of austenite deformation 
substructures and restricting effect of austenite grain boundaries, which significantly 
?? 
 
suppresses the lengthening of BF laths. The increased fraction of PF/QF grains also 
take up the austenite grain boundaries and postpone the BF nucleation on ĮȖLQWHUIDFHV. 
All of these factors lead to the decreased BF fractions and increased AF fractions with 
the reduction of PAGS IURPȝPWRȝP.7KHLQFUHDVHGIUDFWLRQRI$)DQGWKH
UHGXFWLRQRI%)SDFNHWVL]HVZLWKWKHGHFUHDVHG3$*6ERWKLPSURYHVWKHPLFURVWUXFWXUH
UHILQHPHQWDQGKRPRJHQHLW\DVVKRZQLQ)LJXUHDQG)LJXUH 
%DVHGRQWKHLOOXVWUDWLRQVDERYHWKHUHODWLYHO\VPDOOHULQIOXHQFHRIUHGXFLQJ3$*6
IURP ȝP WR ȝP WKDQ GHFUHDVLQJ 3$*6 IURP ȝP WR ȝP RQ WKH
PLFURVWUXFWXUH HYROXWLRQ 7DEOH  DQG JUDLQ UHILQHPHQW )LJXUH  FDQ DOVR EH
H[SODLQHG E\ WKH UHFLSURFDO UHODWLRQVKLS EHWZHHQ WKH GHIRUPHG DXVWHQLWH GLVORFDWLRQ
GHQVLW\DQGWKHFKDQJHRI3$*6VDVVFKHPDWLFDOO\LOOXVWUDWHGLQ)LJXUH 
 
)LJXUH6FKHPDWLFDOLOOXVWUDWLRQRIWKHUHFLSURFDOUHODWLRQVKLSEHWZHHQWKHGHQVLW\RI
GHIRUPDWLRQLQGXFHGGLVORFDWLRQVDQGWKH3$*6EHIRUHGHIRUPDWLRQ 
 
?? 
 
$OWKRXJKVRPHUHVHDUFKHUVVWLOOFODLPHGWKDW$)LQ+6/$VWHHOVQXFOHDWHVRQQRQ
PHWDOOLFLQFOXVLRQV>@WKHUHVXOWVLQWKLVUHVHDUFKWKDWWKHIUDFWLRQRI$)LVLQFUHDVHG
ZLWKWKHUHGXFWLRQRI3$*6DGGDQLQGLUHFWHYLGHQFHWKDWWKHLQWUDJUDQXODUQXFOHDWLRQ
VLWHV RI $) LQ +6/$ VWHHOV DUH GHIRUPDWLRQ VXEVWUXFWXUHV LQVWHDG RI QRQPHWDOOLF
LQFOXVLRQV)XUWKHUPRUH WKHDGYDQFHV LQ VWHHOPDNLQJ WHFKQRORJ\KDYHVLJQLILFDQWO\
LPSURYHGWKHFOHDQQHVVRIPRGHUQKLJKVWUHQJWKORZDOOR\+6/$VWHHOVDQGDKLJK
SXULW\LVDOVRDSUHUHTXLVLWHIRUPRGHUQ+6/$VWHHOV&OHDQVWHHOVDUHFKDUDFWHUL]HGE\
YHU\VPDOODPRXQWVRIR[LGHVDQGVXOILGHV>@DQGLWLVGLIILFXOWWRILQGKLJKHQRXJK
TXDQWLW\ RI QRQPHWDOOLF LQFOXVLRQV LQ KLJK JUDGHV +6/$ VWHHOV HVSHFLDOO\ SLSHOLQH
VWHHOVWRVXSSRUW$)WUDQVIRUPDWLRQDVLQVWHHOZHOG  
4.2 Cease of grain refinement with PAGS of ȝP 
$OWKRXJK DV 3$*6 LV GHFUHDVHG IURP ȝP WR ȝP WKH IUDFWLRQ RI$) LV
LQFUHDVHG7DEOHDQGWKHWUDQVIRUPHGPLFURVWUXFWXUHLVUHILQHG)LJXUHUHGXFLQJ
3$*6 IXUWKHU WR ȝP WKH IUDFWLRQ RI$) LV QRW LQFUHDVHG DQG WKH WUDQVIRUPHG
PLFURVWUXFWXUHLVQRWUHILQHGDVVKRZQLQ7DEOHDQG)LJXUHUHVSHFWLYHO\6LQFHWKH
IUDFWLRQRI$)DQGPLFURVWUXFWXUHUHILQHPHQWERWKDUHFORVHO\UHODWHGWRWKHGHQVLW\RI
GHIRUPDWLRQ LQGXFHGGLVORFDWLRQV LW LV UHDVRQDEOH WR DUJXH WKDW DV3$*6 LV UHGXFHG
IURPȝPWRȝPWKHWUHQG WKDWGHIRUPDWLRQLQGXFHGGLVORFDWLRQV LQFUHDVHDV
VFKHPDWLFDOO\LOOXVWUDWHGLQ)LJXUHLVZHDNHQHGRUSURKLELWHGGXHWRWKHRSHUDWLRQRI
FHUWDLQPHFKDQLVPV 
,W LV ZHOO NQRZQ WKDW XQGHU WKH VDPH GHIRUPDWLRQ FRQGLWLRQV GHFUHDVLQJ WKH
VWDUWLQJDXVWHQLWHJUDLQVL]HWKHFULWLFDOVWUDLQIRUWKHRQVHWRIG\QDPLFUHFU\VWDOOL]DWLRQ
?? 
 
'5;LVUHGXFHG>@DQGRQFH'5;LVWULJJHUHGGXULQJWKHGHIRUPDWLRQQRWQHFHVVDU\
WR D ODUJH H[WHQW VWDWLF UHFU\VWDOOL]DWLRQ 65; DQG PHWDG\QDPLF UHFU\VWDOOL]DWLRQ
0'5;FDQSURFHHGGXULQJWKHIROORZLQJFRQWLQXRXVFRROLQJDQGUHVXOWLQDQHYLGHQW
UHVWRUDWLRQDVVKRZQLQUHVHDUFK>@7KHUHIRUHLWLVUHDVRQDEOHWRFRQFHLYHWKDWZLWK
3$*6RIȝP'5;ZDVWULJJHUHGGXULQJWKHDXVWHQLWHGHIRUPDWLRQDQGUHVXOWHGLQ
DGHFUHDVHRIWKHGLVORFDWLRQGHQVLW\+RZHYHUDIWHUVWUDLQRIWKHDXVWHQLWHJUDLQV
UHPDLQXQUHFU\VWDOOLVHGDVVKRZQLQ)LJXUHHZKLFKPHDQVWKDW'5;LVQRWWULJJHUHG
GXULQJWKHDXVWHQLWHGHIRUPDWLRQZLWK3$*6RIȝP  
65; FRXOG VWLOO KDSSHQ GXULQJ WKH VXEVHTXHQW FRQWLQXRXV FRROLQJ 8QGHU WKH
FRROLQJ FRQGLWLRQV XVHG LQ WKLV UHVHDUFK GLVSODFLYH WUDQVIRUPDWLRQV $) DQG %)
GRPLQDWH7KHFRQWLQXRXVO\FRROHGVSHFLPHQZLWK3$*6RIȝPZDVHWFKHGZLWKD
VDWXUDWHGDTXHRXVSLFULF DFLG VROXWLRQ WR UHYHDO WKH3$*%V7KHRSWLFDO PLFURJUDSK
GHSLFWLQJWKH3$*%VEHIRUHSKDVHWUDQVIRUPDWLRQLVVKRZQLQ)LJXUH$VFDQEHVHHQ
IURP WKLV ILJXUH WKH VKDSH RI WKH SULRUDXVWHQLWH JUDLQV FDQQRW EH REVHUYHG FOHDUO\
7KHUHIRUH LW LV GLIILFXOW WR GHWHUPLQH ZKHWKHU 65; KDSSHQV GXULQJ WKH FRQWLQXRXV
FRROLQJGLUHFWO\IURPWKHRSWLFDOPLFURJUDSKRIWKH3$*%V 
?? 
 
 
)LJXUH2SWLFDOPLFURJUDSKGHSLFWLQJSULRUDXVWHQLWHJUDLQERXQGDULHVRIWKH
FRQWLQXRXVO\FRROHGVSHFLPHQZLWK3$*6RIȝP 
 
$OWHUQDWLYHO\ WKH WH[WXUH LQIRUPDWLRQ RI WKH WUDQVIRUPHG PLFURVWUXFWXUH FDQ EH
XVHGDVDQ LQGLFDWRU WRVHHZKHWKHU65;RFFXUVGXULQJ WKHFRQWLQXRXVFRROLQJ7KH
SULQFLSDO WH[WXUH FRPSRQHQW SUHVHQWHG LQ WKH UHFU\VWDOOLVHG DXVWHQLWH LV WKH FXEH
^`!WH[WXUHFRPSRQHQWDQGDIWHUGLVSODFLYHWUDQVIRUPDWLRQVLWVSURGXFWVDUH
WKH *RVV ^` ! WKH URWDWHG *RVV ^` ! DQG WKH URWDWHG FXEH
^`!WH[WXUHFRPSRQHQWV>@7KHSUHVHQFHRIWKH*RVVDQGWKHURWDWHG*RVV
WH[WXUHFRPSRQHQWVLVDVLJQWKDWDXVWHQLWHLV UHFU\VWDOOLVHGRUSDUWLDOO\UHFU\VWDOOLVHG
EHIRUH WUDQVIRUPDWLRQDQG WKHSUHVHQFHRI WKHURWDWHGFXEH WH[WXUHFRPSRQHQWDORQH
GRHVQRWQHFHVVDULO\LQGLFDWHWKHRFFXUUHQFHRIDXVWHQLWHUHFU\VWDOOL]DWLRQEHFDXVHWKH
URWDWHGFXEHWH[WXUHFRPSRQHQWFDQDOVREHWUDQVIRUPHGIURPWKH%UDVV^`!
WH[WXUH FRPSRQHQW >@ 7KH WH[WXUH RI WKH WUDQVIRUPDWLRQ SURGXFW ZLWK 3$*6 RI
?? 
 
ȝPLVUHSUHVHQWHGE\WKHĳ2=ÛVHFWLRQRI2'))LJXUHDDQGSRVLWLRQVRIWKH
UHOHYDQW WH[WXUH FRPSRQHQWV LQ WKH ĳ2=Û VHFWLRQ DUH VKRZQ LQ )LJXUH E )URP
)LJXUHZHFDQVHHWKDWDOWKRXJKWKHURWDWHGFXEHWH[WXUHFRPSRQHQWH[LVWV LQ WKH
WH[WXUHRIWKHWUDQVIRUPHGPLFURVWUXFWXUHWKHDEVHQFHRIWKH*RVVDQGWKHURWDWHG*RVV
WH[WXUHFRPSRQHQWVVXJJHVWVWKDWDXVWHQLWHZDVXQUHFU\VWDOOLVHGEHIRUHWUDQVIRUPDWLRQ
HYHQZLWK3$*6DVVPDOODVȝP7KHUHIRUHERWK'5;DQG65;GLGQRWKDSSHQLQ
WKH SUHVHQW UHVHDUFK DQG WKXV DUH QRW UHVSRQVLEOH IRU WKH FHDVH RI PLFURVWUXFWXUH
UHILQHPHQWZKHQ3$*6LVUHGXFHGIURPȝPWRȝP 
 
)LJXUHDĳ2=ÛVHFWLRQRIWKH2')PHDVXUHGE\(%6'WHFKQLTXHIRUWKH
WUDQVIRUPHGPLFURVWUXFWXUHZLWK3$*6RIȝPESRVLWLRQVRIWKHUHOHYDQW
WH[WXUHFRPSRQHQWVLQWKHĳ2=ÛVHFWLRQ 
 
7KHH[SHULPHQWDOUHVXOWVLQUHVHDUFK>@PD\SURYLGHDQH[SODQDWLRQIRUWKH
FHDVHRIPLFURVWUXFWXUHUHILQHPHQWZKHQ3$*6LVUHGXFHGIURPȝPWRȝP,Q
UHVHDUFK>@DIWHU$,6,VWDLQOHVVVWHHOVSHFLPHQVZLWK3$*6VRIȝPDQGȝP
ZHUH GHIRUPHG ZLWK D VWUDLQ RI  DW Û& DQG D VWUDLQ UDWH RI V XQLIRUPO\
GLVWULEXWHGVXEVWUXFWXUHVFDQEHIRXQGLQWKHXQUHFU\VWDOOLVHGFRDUVHJUDLQHGDXVWHQLWH
?? 
 
ZKLOHLQ WKHILQHJUDLQHGDXVWHQLWHUHODWLYHO\GHQVHVXEVWUXFWXUHVH[LVWRQO\QHDUWKH
DXVWHQLWHJUDLQERXQGDULHVOHDYLQJWKHLQWHULRUODFNRIVXEJUDLQERXQGDULHV6LPLODUO\
LQUHVHDUFK>@DIWHU$,6,VWDLQOHVVVWHHOVSHFLPHQVZLWK3$*6VRIȝPDQGȝP
ZHUHGHIRUPHGDWÛ&ZLWKDVWUDLQRIDQGDVWUDLQUDWHRIVLWZDVIRXQG
WKDWLQWKHFRDUVHJUDLQHGDXVWHQLWHWZRW\SHVRIGHIRUPDWLRQVXEVWUXFWXUHVH[LVWGHQVH
FHOOVWUXFWXUHVDQGHORQJDWHGGLVORFDWLRQERXQGDULHVZLWKODUJHGLVWDQFHVEHWZHHQWKHP
EXW LQ ILQHJUDLQHG DXVWHQLWH WKH PDMRU SDUW RI VXEVWUXFWXUHV DUH WKH HORQJDWHG
GLVORFDWLRQERXQGDULHVDQGWKHGHQVLW\RIVXEVWUXFWXUHVLVVLJQLILFDQWO\OHVVWKDQWKDWLQ
WKHFRDUVHJUDLQHGDXVWHQLWH$VIRUWKHUHDVRQRIWKHVHGLIIHUHQFHVLWZDVSURSRVHGWKDW
GXULQJWKHGHIRUPDWLRQRIWKHILQHJUDLQHGDXVWHQLWHJUDLQERXQGDU\VKHDULQJDQGRU
VOLGLQJ WDNH SODFH DW DXVWHQLWH JUDLQ ERXQGDULHV ZKLFK OHDGV WR WKH GHYHORSPHQW RI
LQKRPRJHQHRXVGHIRUPDWLRQVXEVWUXFWXUHVQHDUWKHJUDLQERXQGDULHVDQG LQWKHILQH
JUDLQHGDXVWHQLWHG\QDPLFUHFRYHU\LVSURPRWHGGXHWRWKHDFFHOHUDWLRQRIGLVORFDWLRQV
VSUHDGLQJLQWRDXVWHQLWHJUDLQERXQGDULHV>@ 
%DVHG RQ WKH UHVXOWV RI WKHVH LQYHVWLJDWLRQV > @ LW LV FOHDU WKDW WKH W\SH
GLVWULEXWLRQDQGGHQVLW\RIWKHGHIRUPDWLRQVXEVWUXFWXUHVDUHGLIIHUHQWDV3$*6UHGXFHV
IURP ȝP WR ȝP RU IURP  ȝP WR  ȝP 7KHUHIRUH D VLPLODU FKDQJH LQ WKH
GHIRUPDWLRQVXEVWUXFWXUHVFRXOGEHH[SHFWHGLQWKHSUHVHQWUHVHDUFKZLWKWKHUHGXFWLRQ
RI3$*6IURPȝPWRȝPDQGLWFRXOGEHWKHVHFKDQJHVWKDWDUHUHVSRQVLEOHIRU
WKHFHDVHRIPLFURVWUXFWXUHUHILQHPHQW+RZHYHUIXUWKHULQYHVWLJDWLRQVRQWKHDXVWHQLWH
GHIRUPDWLRQVXEVWUXFWXUHZLWKVPDOO3$*6VLQPRGHODOOR\VSRVVHVVLQJVLPLODUVWDFNLQJ
IDXOWHQHUJ\WR+6/$VWHHOVDUHUHTXLUHG 
?? 
 
4.3 Effective grain sizes 
7KHJUDLQVL]HPHDVXUHGDJDLQVWWKHKLJKPLVRULHQWDWLRQDQJOHÛGÛLVXVXDOO\
FDOOHGWKHHIIHFWLYHJUDLQVL]H(IIHFWLYHJUDLQVL]HLVDYHU\LPSRUWDQWPLFURVWUXFWXUDO
SDUDPHWHUEHFDXVHLWLVDQLQGLFDWRURIWKHGHQVLW\RIKLJKDQJOHJUDLQERXQGDULHVșÛ
ZKLFKSURYLGHHIIHFWLYHEDUULHUVWRFOHDYDJHIUDFWXUHE\DUUHVWLQJFUDFNVRUGHYLDWLQJ
WKHLU SURSDJDWLRQ GLUHFWLRQV > @ 7KHUHIRUH LW LV LPSHUDWLYH WR HVWDEOLVK D
UHODWLRQVKLSEHWZHHQSURFHVVLQJSDUDPHWHUVDQGHIIHFWLYHJUDLQVL]HV 
7KHSDUDPHWHU6YZDVRULJLQDOO\SURSRVHGWRTXDQWLI\WKHWRWDOHIIHFWLYHQXFOHDWLRQ
VLWHVDUHDSHUXQLWYROXPHIRUIHUULWHWUDQVIRUPDWLRQ>@DQGDUHFLSURFDOUHODWLRQVKLS
EHWZHHQIHUULWHJUDLQVL]HVDQG6YYDOXHVLQERWKUHFU\VWDOOLVHGDQGGHIRUPHGDXVWHQLWH
ZHUHIRXQGLQUHVHDUFK>@7KHUHIRUHLQFUHDVLQJ6YLVWKHSULPDU\PHWKRGWRUHILQH
IHUULWH PLFURVWUXFWXUHV $FFRUGLQJO\ WKH SDUDPHWHU 6Y LV XVHG KHUH WR UHYHDO WKH
UHODWLRQVKLSEHWZHHQHIIHFWLYHJUDLQVL]HVDQG6YYDOXHV)RUUHFU\VWDOOLVHGDXVWHQLWH6Y
ZDVFDOFXODWHGE\(TXDWLRQZKLOHIRUGHIRUPHGDXVWHQLWH6YZDVSURSRVHGDV 
 
 ܵ௩ ൌ  ܵ௩ሺܩܤሻ ൅  ܵ௩ሺܦܤሻൌ ሾ ?Ǥ ? ?ሺܴ െ  ?Ǥ ?ሻ ൅  ?ሿሺ ?ܦሻ ൅  ?Ǥ ? ?ሺܴ െ  ?Ǥ ?ሻ (7) 
ZKHUHSv(GB) stands for the total area of deformed austenite grain boundary per unit 
volume, Sv(DB) the total area of LQWUDJUDQXODUSODQDUGHIHFWVper unit volume, D the 
austenite grain size and R WKHUHGXFWLRQUDWLR>@%DVHGRQWKHHIIHFWLYHJUDLQVL]HVRI
VSHFLPHQV ZLWK GLIIHUHQW 3$*6V DQG GLIIHUHQW VWUDLQ EXW XQGHUJRQH WKH VDPH
DFFHOHUDWHGFRROLQJSURFHVVÛ&VWKHUHODWLRQVKLSEHWZHHQHIIHFWLYHJUDLQVL]HVDQG
6YYDOXHVRIWKHWHVWHGVWHHOLQWKLVUHVHDUFKLVVKRZQLQ)LJXUH/LNHWKHUHVXOWVLQ
?? 
 
UHVHDUFK >@ IRU IHUULWH JUDLQ VL]HV HIIHFWLYH JUDLQ VL]HV RI WKH WUDQVIRUPHG
PLFURVWUXFWXUHV KDYH D UHFLSURFDO UHODWLRQVKLS ZLWK 6Y YDOXHV $OWKRXJK Sv ZDV
RULJLQDOO\SURSRVHGWRTXDQWLI\WKHWRWDOHIIHFWLYHQXFOHDWLRQVLWHDUHDRIIHUULWHSHUXQLW
YROXPH>@DQGWKHQXFOHDWLRQVLWHGHQVLW\RI$)FDQQRWEHDFFXUDWHO\TXDQWLILHGE\
WKHSvYDOXHWKHIDFWRUVDIIHFWLQJWKHQXFOHDWLRQVLWHGHQVLW\RI$)LQFOXGLQJ3$*6V
DQGDXVWHQLWHVWUDLQYROXPHVDUHDOVRLQFOXGHGLQWKHH[SUHVVLRQVRISvIRUGHIRUPHG
DXVWHQLWH(TXDWLRQ 
 
)LJXUH5HODWLRQVKLSEHWZHHQWKHHIIHFWLYHJUDLQVL]HRIWUDQVIRUPHGPLFURVWUXFWXUH
DIWHUDQDFFHOHUDWHGFRROLQJÛ&VDQGWKH6YYDOXH 
 
6RPHGLVFUHSDQFLHVFDQDOVREHLGHQWLILHGLQ)LJXUH:LWKQHDUO\WKHVDPHSv
YDOXHVDURXQGPPDQGPPWKHHIIHFWLYHJUDLQVL]HVRIUHFU\VWDOOLVHGVWUDLQ
RIVOLJKWO\GHIRUPHGVWUDLQRIDQGODUJHO\GHIRUPHGDXVWHQLWHVWUDLQRI
DUHTXLWHGLIIHUHQWDQGWKHVHGLIIHUHQFHVUDLVHZLWKWKHLQFUHDVHGSvYDOXHV7KHUHIRUH
?? 
 
ZLWKWKHVDPHSvYDOXHGHIRUPDWLRQRIDXVWHQLWHZLWKDODUJHDXVWHQLWHJUDLQVL]HLVPRUH
HIIHFWLYHWKDQUHILQLQJDXVWHQLWHJUDLQVL]HWRDVPDOOHUYDOXHEXWZLWKRXWGHIRUPDWLRQ
LQUHILQLQJWUDQVIRUPHGPLFURVWUXFWXUHVDQGWKLVDGYDQWDJHRIDXVWHQLWHGHIRUPDWLRQLV
PRUH HYLGHQW DW KLJKHU Sv YDOXHV7KHUHIRUH D UHDVRQDEOH DOORFDWLRQ RI WRWDO UROOLQJ
UHGXFWLRQWRURXJKUROOLQJDQGILQLVKUROOLQJLVUHTXLUHGWRDFKLHYHVPDOOHIIHFWLYHJUDLQ
VL]HV  
$OWHUQDWLYHO\E\DQDO\VLQJWKHHIIHFWLYHJUDLQVL]HVREWDLQHGZLWKWKHVDPHVWHHO
FRPSRVLWLRQ7DEOHEXWGLIIHUHQWSURFHVVLQJSDUDPHWHUV>@DQHTXDWLRQ
UHODWLQJHIIHFWLYHJUDLQVL]HVZLWKSURFHVVLQJSDUDPHWHUVZDVSURSRVHGDV  
݀ଵହ ?ൌ  ?Ǥ ? ?ൈ  ? ?ିଷܦଶ ሺെ ?ߝሻ ሶܶ ି଴Ǥଵ ൅  ?Ǥ ? ? (8) 
ZKHUH' LV WKHDXVWHQLWHJUDLQVL]HZLWKLQWKHUDQJHRIaȝPİ WKHDXVWHQLWH
VWUDLQYROXPHEHWZHHQDQGDQG ܶሶ WKHFRROLQJUDWHFKDQJLQJIURPÛ&VWRÛ&V
7KHH[SHULPHQWDOHIIHFWLYHJUDLQVL]HVDQGWKHHTXDWLRQFDOFXODWHGYDOXHVDUHVKRZQLQ
)LJXUHDQGDUHDVRQDEOHFRQVLVWHQF\FDQEHIRXQG 
?? 
 
 
Figure 12 Experimental and Equation calculated effective grain sizes. 
5. Conclusion 
,Q WKLV UHVHDUFKGLIIHUHQWSDUDPHWHUVRI VROLGVROXWLRQKHDW WUHDWPHQW DQG URXJK
GHIRUPDWLRQZHUHXVHGWRJHQHUDWHDXVWHQLWHZLWKGLIIHUHQWJUDLQVL]HVDQGWKHHIIHFWVRI
DXVWHQLWHJUDLQVL]HEHIRUHGHIRUPDWLRQRQWKHDFLFXODUIHUULWHWUDQVIRUPDWLRQDQGJUDLQ
UHILQHPHQWZHUHLQYHVWLJDWHG,WZDVIRXQGWKDW 
(1) :LWKWKHVPDOO3$*6VȝPDQGȝPWKHWUDQVIRUPHGPLFURVWUXFWXUHV
DUH$)GRPLQDQWZKLOHZLWKWKHODUJH3$*6VȝPDQGȝPDOWKRXJK
DVPDOOIUDFWLRQRI$)VWLOOH[LVWVWKHPDMRUWUDQVIRUPDWLRQSURGXFWLV%)$V
3$*6LVUHGXFHGWKHWUDQVIRUPHGPLFURVWUXFWXUHLVUHILQHGDQGKRPRJHQLVHG 
(2) $OWKRXJKERWKWKHQXFOHDWLRQVLWHGHQVLWLHVRI%)DQG$)LQFUHDVHUHFLSURFDOO\
ZLWK WKH UHGXFWLRQ RI 3$*6 %) ODWKV DUH VXEMHFWHG WR LQFUHDVLQJO\ VHYHUH
?? 
 
PHFKDQLFDO VWDELOLVDWLRQ HIIHFW RI DXVWHQLWH GHIRUPDWLRQ VXEVWUXFWXUHV DQG
UHVWULFWLQJHIIHFWRIDXVWHQLWHJUDLQERXQGDULHVZKLFKVLJQLILFDQWO\VXSSUHVVWKH
OHQJWKHQLQJRI%)ODWKV7KHLQFUHDVHGIUDFWLRQRI3)4)JUDLQVDOVRWDNHXS
WKHDXVWHQLWHJUDLQERXQGDULHVDQGSRVWSRQHWKH%)QXFOHDWLRQRQĮȖLQWHUIDFHV
$OO RI WKHVH IDFWRUV OHDG WR WKH GHFUHDVHG %) IUDFWLRQV DQG LQFUHDVHG $)
IUDFWLRQVZLWKWKHUHGXFWLRQRI3$*6IURPȝPWRȝP 
(3) 5HGXFLQJ 3$*6 IXUWKHU IURP ȝP WR ȝP WKH IUDFWLRQ RI$) LV QRW
LQFUHDVHG DQG WKH WUDQVIRUPHG PLFURVWUXFWXUH LV QRW UHILQHG 2FFXUUHQFH RI
UHVWRUDWLRQSURFHVVHVOLNH'5;DQG65;LVH[FOXGHGDQGSRVVLEOHGLIIHUHQFHV
LQWKHW\SHGLVWULEXWLRQDQGGHQVLW\RIWKHGHIRUPDWLRQVXEVWUXFWXUHVEHWZHHQ
GHIRUPHG DXVWHQLWH ZLWK 3$*6V RI ȝP DQG ȝP DUH SURSRVHG WR EH
UHVSRQVLEOHIRUWKHFHDVHRIPLFURVWUXFWXUHUHILQHPHQW 
(4) %DVHGRQWKHHIIHFWLYHJUDLQVL]HVREWDLQHGZLWKWKHVDPHVWHHOFRPSRVLWLRQEXW
GLIIHUHQW SURFHVVLQJ SDUDPHWHUV D UHFLSURFDO UHODWLRQVKLS EHWZHHQ HIIHFWLYH
JUDLQVL]HVDQGSvYDOXHVZHUHIRXQGDQGDQHTXDWLRQUHODWLQJHIIHFWLYHJUDLQ
VL]HVZLWKSURFHVVLQJSDUDPHWHUVZDVSURSRVHG 
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